Coated nanoparticles, which have a core-shell structure, have many applications. This paper investigates the induced torque and orientation of such nanoparticles in an electric field.
Dispersion of functionalized nanoparticles with surface coatings in a dielectric medium has a wide spectrum of applications from advanced materials to nanodevices 1 . Morphology control is key to achieving the full potential. Materials with designed distribution and orientation of nanoparticles offer superior properties, unique functionalities and maximum flexibilities that cannot be achieved by the current uniformly/randomly dispersed nanocomposites.
Recent studies have shown that nanoparticles with anisotropic geometries may rotate preferentially under applied electric fields, [2] [3] [4] suggesting an approach to bring about controlled particle orientations in a matrix. The observations pose interesting scientific problems and call for a quantitative understanding of the phenomena. The rotation of a micro or larger sized particle in an electric field has been investigated by many researches. For instance, Schwarz and
Saito et al. 5, 6 were among the first to calculate the potential energy of a lossless dielectric particle and determined the stable orientation that corresponded to the lowest potential state of the system. However, nanoparticles possess several unique aspects that distinguish their behaviors from microscale counterparts. Firstly, nanoparticles are often coated with a functional layer to enhance their dispersion or to achieve specific bonding properties. This shell of coating may dominate due to the high surface-to-volume ratio and thus completely change the picture of particle orientation in response to an external field. Secondly, the effect of Brownian motion becomes important due to the small particle sizes. This paper presents rigorous calculations of the torque on core-shell nanoparticles with anisotropic geometries under an applied electric field.
We show that particle structure and applied field can lead to rich behaviors and significant degree of experimental control over particle orientation. The study also reveals the competition between rotational alignment due to the electric field and randomization due to the rotational Brownian motion.
The following picture illustrates the mechanism of particle rotation. Imagine a dielectric nanoparticle in a fluidic medium. An applied electric field will induce dipole moments inside the particle. Generally speaking, when the particle has an anisotropic geometry, the direction of the total induced dipole does not coincide with that of the applied field. Thus the dipole moment interacts with the field and causes the particle to rotate. To rigorously calculate the torque on a core-shell nanoparticle, we propose a Maxwell stress tensor approach. The Maxwell stress tensor is defined by
, where E is the electric field, m ε the permittivity of the medium, and I the identity tensor. 7 The electric torque is obtained by an area integration over a closed surface which surrounds the particle, namely , 
The subscripts c, s, and m denote physical quantities in the three regions of the core, of the shell, and of the medium, respectively. Here . Similarly, we can solve the potential field when the applied field is in the or direction, and denote the constants with corresponding subscripts. An applied field in arbitrary directions relative to the particle axis can be treated by superposition. For an applied uniform field , the electric field on the particle surface (i.e.
Here is the particle volume (core plus shell), A a diagonal matrix When s c β β = , i.e. the shell and core have the same dielectric property, the particle reduces to a bare particle. Figure 2 shows results for axially symmetric particles ( ) at .
Superposition of along the local and directions gives Note that at high frequencies the complex permittivity converges to real permittivity. Thus a particle behaves more dielectric at high frequencies. In contrast, conductivity dominates the behavior at low frequencies. Figure 3a clearly demonstrates the trend. The frequency-independent curve A in Fig. 3a β β . They converge to flat curve A at high frequency, where conductivity has little effect on the torque. At low frequency the shell conductivity can significantly affect the torque, even though the shell takes a very small percentage of the total particle volume. These curves reveal a frequency window where the torque becomes negative. In this case the particle will rotate so that its longest axis is orthogonal to the applied field direction. At certain frequency the torque becomes zero so that a particle can stay at its current orientation. These behaviors suggest the possibility to combine material properties, core-shell structure and field frequency to control the torque and orientation of a particle. 
where is normalized time and . Thus two competing effects, the alignment due to the applied field and randomization due to the rotational Brownian In summary, we proposed an approach to rigorously calculate the electric torque on a dielectric core-shell particle. The study showed that the shell has an important effect, even when it is thin and takes a small portion of the total volume. For lossy dielectrics, the core-shell structure demonstrated frequency dependent behavior and a window to tune the preferential orientation. The ODF evolution demonstrated the competition between rotational alignment due to the electric field and randomization due to the rotational Brownian motion. 
